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Abstract In this study, to examine the accumulated
micropollutants in the spent carbon filter used in the water
purifier, first, the method to desorb micropollutant from the
activated carbon was developed and optimized. Then, using
this optimized desorption conditions, we examined which
micropollutants exist in spent carbon filters collected from
houses in different regions in Korea where water purifiers
were used. A total of 11 micropollutants (caffeine (CFF), acet-
aminophen (ACT), sulfamethazine (SMA), sulfamethoxazole
(SMZ), metoprolol (MTP), carbamazepine (CBM), naproxen
(NPX), bisphenol-A (BPA), ibuprofen (IBU), diclofenac
(DCF), and triclocarban (TCB)) were analyzed using LC/
MS-MS from the spent carbon filters. CFF, NPX, and DCF
had the highest detection frequencies (>60%) in the carbon
filters (n = 100), whereas SMA, SMZ, and MTP were only
detected in the carbon filters, but not in the tap waters (n = 25),
indicating that these micropollutants, which exist less than the
detection limit in tap water, were accumulated in the carbon
filters. The regional micropollutant detection patterns in the
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carbon filters showed higher levels of micropollutants, espe-
cially NPX, BPA, IBU, and DCEF, in carbon filters collected in
the Han River and Nakdong River basins where large cities
exist. The levels of micropollutants in the carbon filter were
generally lower in the regions where advanced oxidation pro-
cesses (AOPs) were employed at nearby water treatment
plants (WTPs), indicating that AOP process in WTP is quite
effective in removing micropollutant. Our results suggest that
desorption of micropollutant from the carbon filter used can
be a tool to identify micropollutants present in tap water with
trace amounts or below the detection limit.

Keywords Micropollutants - AOPs - Activated carbon -
Desorption - Optimization - Tap water

Introduction

Surface water is commonly used as a source of drinking water
in areas with growing urban populations (Stackelberg et al.
2007). Micropollutants such as pharmaceuticals and personal
care products (PPCPs) can flow into the water environment
from various sources, such as pharmaceutical factories, house-
holds, antibiotics from livestock, agricultural effluents, aqua-
culture, and landfill leachate (Focazio et al. 2008). As an an-
other micropollutant category, endocrine-disrupting com-
pounds such as bisphenol-A (BPA) and triclocarban (TCB)
can cause dysfunctioning of the human endocrine system over
time, even at very low levels (Duong et al. 2010). BPA has
been widely utilized in the production of epoxy resins and
polycarbonate plastics, such as food containers and baby bot-
tles. TCB and triclosan are commonly found in personal care
products, such as soaps, lotions, deodorants, toothpaste, and
plastics (Li et al. 2010).
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Micropollutants have been found in wastewater treatment
plant (WWTP) effluent, surface water, and even tap water, in
nanograms per liter up to micrograms per liter amounts
(Vanderford et al. 2003; Kim et al. 2007; Kasprzyk-Hordern
etal. 2008; Benotti et al. 2009; Rahman et al. 2009; Nam et al.
2014a). They cannot be completely removed using conven-
tional water treatment processes (WTPs) such as coagulation
and filtration (Ratola et al. 2012; Nam et al. 2014a). Previous
studies reported that micropollutants such as acetaminophen
(ACT), caffeine (CFF), naproxen (NPX), and ibuprofen (IBU)
can be removed by greater than 80% in water treatment plants
(WTPs), whereas other micropollutants such as carbamaze-
pine (CBM), diclofenac (DCF), clofibric acid, and metoprolol
(MTP) have shown much poorer removal efficiencies, imply-
ing that these micropollutants can be detected even in tap
water (Yu et al. 2006; Gémez et al. 2007; Benotti et al.
2009; Nam et al. 2014a).

Activated carbon, such as granular activated carbon (GAC)
or powder activated carbon (PAC), is known to effectively
remove micropollutants such as taste and odor compounds,
and PPCPs, by an adsorption process (Ternes et al. 2002;
Westerhoff et al. 2005). Activated carbon is being widely used
in water treatment plants (WTPs) and water purifiers, because
it is cost-effective, simple, and has a high efficiency for
micropollutant removal (Sotelo et al. 2012). However, adsorp-
tion efficiencies can vary by physicochemical properties such
as the hydrophobicity of the compounds, pore size, amount of
adsorbent, contact time, pH, and competition with natural or-
ganic matters (Yoon et al. 2003; Snyder et al. 2007; Nam et al.
2014b).

There is a high percentage of water purifier usage among
homes and offices in Korea due to the widespread reluctance
to use tap water as drinking water. The reason for not drinking
tap water is due to anxiety brought about by a distrust of water
tanks and water pipes; therefore, most people in Korea drink
purified waters (Yoo 2005). Most water purifiers use an acti-
vated carbon or membrane filter as a pre- or post-treatment
process. Micropollutants which exist in the tap water at trace
levels can accumulate in these carbon filters by the adsorption.
If accumulated micropollutants can be desorbed from the
spent carbon filters, we can identify which micropollutants
exist in tap water even if these are not detected in tap water
due to lower than the detection limit.

There are several techniques to regenerate by desorbing
contaminants from used activated carbon, such as thermal
desorption (Ania et al. 2004; Ledesma et al. 2014) and
microwave-induced desorption (Ania et al. 2004, 2005).
However, each technique has limitation such as low regener-
ation efficiencies, high energy consumption, high cost, gener-
ation of toxic products, and potential secondary pollution
(Zhou et al. 2015). For the most effective desorption and re-
generation technique, chemical extraction technique can be
used (Lu et al. 2011). However, with our knowledge, there

has been no attempt to desorb micropollutants especially from
spent carbon filters used for the water purifiers.

In this study, to examine accumulated micropollutants in
the spent carbon filter used in the water purifiers, first, the
method to desorb micropollutant from spent carbon filters
was developed and optimized. Then, using this optimized de-
sorption conditions, we examined which micropollutants exist
in spent carbon filters obtained collected from houses where
water purifiers were used. A total of 11 micropollutants were
selected based on the annual domestic productions, the occur-
rence in surface and tap waters in Korea, and rate constants
with chlorination and ozonation which are typically used in
the water treatment processes in Korea (Table 1), then the
micropollutants desorbed from spent carbon filters obtained
in different regions along the four major river basins in Korea
were measured. Finally, the micropollutant detection patterns
in spent carbon filters collected in different regions were
compared.

Materials and methods
Materials

CFF, ACT, sulfamethazine (SMA), sulfamethoxazole (SMZ),
MTP, CBM, NPX, BPA, IBU, DCF, and TCB were purchased
from Sigma-Aldrich (Korea). The physical and chemical
properties of these micropollutants are shown in the supple-
mentary materials (Table S1).

One hundred milligrams of each micropollutant was dis-
solved in 100 mL methanol to make a stock solution, and then
stored at 4 °C to prevent biodegradation. '*Cg-sulfamethoxa-
zole and *Cg-naproxen (Cambridge Isotope Laboratories,
Cambridge, UK) were used as internal standards to compen-
sate for the matrix effects. Methanol (LC-MS grade) and ace-
tonitrile were obtained from Fisher Scientific (USA). Coconut
shell-based powdered activated carbon (PAC, Coway Co.
Korea, 80-325 mesh) was used as an adsorbent and prepared
as a solution of 1 g/L hydrated for 24 h in distilled water to
activate the surface of the PAC.

Saturation of micropollutants into the activated carbon

A series of 2-L beakers containing hydrated 1 g/LL PAC with
distilled water was installed in a jar tester. The initial concen-
tration of 10 mg/L of each of the 11 micropollutants was then
added to the beakers. Rapid mixing by agitation (140 rpm)
with mixing time of 90 min was performed to ensure a thor-
ough mixing solution state and to accelerate the saturation of
the micropollutants into the PAC. Saturation experiments
were conducted at neutral pH (6.5~6.8). Since the preliminary
test showed that all micropollutants reached an equilibrium
concentration after 90 min, the optimal contact time during
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Table 1
constants with oxidants at pH 7

Annual domestic productions, occurrences of selected micropollutants in surface waters and tap water in Korea, and second-order rate

Compounds Annual production Occurrences (ng/L) Second-order rate constants (M ' s 1)

(ton/year)

Surface water Tap water Ozonation (O3) Chlorination (HOCI)

Diclofenac (DCF) 5.9° 21-383¢ nd¢ 1 x 100 28 x10™
Ibuprofen (IBU) 149.3° 11-38f ndd 961 <0.1!
Naproxen (NPX) 43.1° 20-483" nd? 2 x10°0 1.8"
Carbamazepine (CBM) 8.9° 3-344¢ 1-48° 3.0 x 10°0 <0.11
Metoprolol (MTP) 0.8° 2.3-164.5 n.d? 2.5 x 10% 12x 1079
Sulfamethoxazole (SMZ) 61.3 8544 n.d.42-4° 2.5 % 100 2.4 x 10%
Sulfamethazine (SMA) 13.7° 4-309¢ n.d.42-3° - -
Acetaminophen (ACT) 754.9* 2-965¢ 17-55¢ 2.7 x10% 15
Caffeine (CFF) 1823.6° 6-1475¢ 3-249¢ 6.5 x 10% Negligible!
Triclocarban (TCB) - - - - -
Bisphenol-A (BPA) 1480° 0.08-1.52¢ 80-100 7.2 % 10" 32 x 10"

#National Institute of Environmental Research (2007)
®Korea Pharmaceutical Manufacturers Association (2003)
°KME (2007)

9National Institute of Environmental Research (2011)
¢National Institute of Environmental Research (2014)
fKim et al. (2007)

£Nam et al. (2014a)

" ee and von Gunten (2012)

Lee and von Gunten (2010)

J Acero et al. (2016)

micropollutant saturation into PAC was set to 90 min
(Table S2).

Then, the micropollutant laden PAC was separated by fil-
tration using a 0.45-um GF/C filter (Whatman, UK) and dried
at room temperature (20 = 1 °C) for 24 h. The liquid
chromatography-tandem mass spectrometry (LC/MS-MS)
analysis showed that all micropollutants were almost
completely adsorbed in the PAC filters (94.0 to 99.9%)
(Table S2). The resulting saturated activated carbons were
used to optimize desorption of micropollutant from activated
carbon.

Optimization of micropollutant desorption from activated
carbon

Table S3 shows the experimental conditions for desorption op-
timization of the micropollutants. To maximize micropollutant
desorption from saturated activated carbon (10 mg of 11 select-
ed micropollutant saturated in 1 mg PAC), four desorption pa-
rameters were investigated: stirrer, shaker, and sonicator;
mixing time; extraction solvent (pH-adjusted distilled water,
10 mM CaCl, in distilled water, methanol, and acetonitrile);
and solvent volume.

@ Springer

For mixing tool experiment, batch type desorption experi-
ments were carried out in the stirrer, shaker, or sonicator.
Rapid mixing at 300 rpm was provided by a shaker and a
400-W sonication power (40 kHz) to ensure micropollutant
desorption. Methanol and acetonitrile were used as organic
extraction solvents. 10 mM CaCl, in water and pH-adjusted
deionized water were also compared with organic extraction
solvent. After determining the extraction solvent as acetoni-
trile, different volumes of acetonitrile solvent (200, 400, and
800 mL) were applied to optimize the solvent volume. Finally,
sonication time (30, 60, and 90 min) was also optimized
(Table S3).

After the desorption, a 10-mL aliquot was withdrawn using
a syringe and filtered through a 0.45-pum membrane filter,
concentrated for 24 h using a centrifugal concentrator (CVE-
3100, EVELA, Japan) and then eluted using 1.0 mL methanol.
The desorbed micropollutants were then analyzed by LC/MS-
MS.

Collecting spent carbon water filters
Figure 1 shows the four major rivers in Korea: the Han River,

the Keum River, the Youngsan River, and the Nakdong River.
Major cities such as Seoul, Busan, and Daegu are located near
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Fig. 1 The location where the
spent field filters were collected

Geum River Basin

3 WTPs (not equipped with AOP) v
— 12 filters and 3 tap waters collected

Youngsan River Basin

Han River Basin
10 WTPs (7 WTPs equipped with AOP,

3 WTPs not equipped with AOP)

— 40 filters and 10 tap waters collected

eum River |

G
s

< Youngsan River
R

7

b . Nakdong River Basin
v 8 WTPs (5 WTPs equipped with AOP,
3 WTPs not equipped with AOP)
— 32 filters and 8 tap waters collected

4 WTPs (not equipped with AOP)
— 16 filters and 4 tap waters collected

the Han and Nakdong river basins. The population of Seoul, in
the Han River basin, is approximately 10 million in an area of
605.18 km? (population density is 16,659 people/km?), and
the Nakdong River basin has two large cities [“Daegu” city
with a population 02,518,467 in an area of 883.63 km? (2857
capita/km?) and “Busan” city with a population more than 3
million in an area of 769.82 km” (4628 capita/kmz)], and
several industrial complexes.

To investigate the detection pattern of micropollutants, a
total of 100 spent carbon filters and 25 tap water (40 filters
and 10 tap waters in the Han River basin, 12 filters and 3 tap
waters in the Keum River basin, 16 filters and 4 tap waters in
the Yeongsan River basin, 32 filters and 8 tap waters from
Nakdong River basin) were collected from the houses where
water purifiers were used in each river basin (Fig. 1). Water
purifiers use tap water as raw water, and all tap waters are
provided by the local WTPs, which collect source water main-
ly from the four major river basins.

We have collected two types of spent (post-use) carbon
filters used in commercial water purifiers (C Company) with
the same number amounts in the four major river basins. Type
A filter has 10 um in pore size, 16 cm in length, and contains
approximately 130 g (dry weight (dw)) of carbon; type B filter
has 1 um in pore size, 8 cm in length, and contains approxi-
mately 60 g (dw). Type A filter is usually replaced every
6 months, and type B filter is usually replaced every 4 months.
Preliminary experiment showed that there were no differences
in the adsorption efficiencies of micropollutants from two
types of spent carbon filters.

* Advanced Oxidation Process (AOP): O,/BAC

The collected carbon filters were grouped according to the
presence of advanced oxidation process (AOP) facilities in
nearby WTPs; 7 out of 10 have AOP in the Nakdong River
basin and 5 out of 8 WTPs in the Nakdong River Basin.
Table 2 shows the treatment processes in the nearby WTPs
along the four major river basins where spent carbon filters are
collected. The most widely used AOP process in WTP in
Korea is ozonation followed by GAC. There was no WTP
adopting the AOP process in the Keum River, or Youngsan
River basin (Table 2).

Desorption of micropollutants from spent carbon filters

The collected spent carbon filters were evenly cut into slices
with a thickness of less than 3 mm. The cut filters were then
dried at 20 + 1 °C for 24 h to remove any residual water. After
drying, they were ground using a blender to obtain fine parti-
cle powders. From the preliminary desorption experiment
with each part from spent carbon filter, we found that there
was no difference in the micropollutant desorption levels de-
pending on the depth of the spent filter. Therefore, the desorp-
tion experiment was performed by grinding the entire filter
(both type A and type B). These ground carbon filters were
then used for the desorption experiment, as shown in Fig. 2.
Desorption of micropollutant from carbon filter was per-
formed using the optimized condition for desorption. After
adding the carbon filters into acetonitrile solvent, they were
sonicated for 90 min with 400 W sonication intensity, and then
a 50-mL sample was withdrawn and filtered through a
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Table 2 Summary of treatment processes of water treatment plants where the spent carbon filters were obtained along the four major river basins
Water stream Area WTPs  Quantity (m3/year) Treatment process AOQP process applied
Han River Seoul WTP1 425,895,702 Flocculation + sedimentation + filtration Ozone + BAC
WTP2 166,414,280 Flocculation + sedimentation + filtration Ozone + BAC
WTP3 67,507,098 Flocculation + sedimentation + filtration Ozone + BAC
WTP4 147,705,514 Flocculation + sedimentation + filtration Ozone + BAC
WTP5 295,764,897 Flocculation + sedimentation + filtration Ozone + BAC
Gyeonggi-do Seongnam-si WTP6 85,761,814 Flocculation + sedimentation + filtration —*
Gimpo-si WTP7 38,089,764 Flocculation + sedimentation + filtration Ozone + BAC
Gangwon-do Chuncheon-si WTP8 25,437,350 Flocculation + sedimentation + filtration —
Wonju-si WTP9 22,294,882 Flocculation + sedimentation + filtration Ozone + BAC
Gangneung-si WTP10 13,259,200 Flocculation + sedimentation + filtration —
Keum River Chungcheongbuk-do Cheongju-si  WTP11 30,964,427 Flocculation + sedimentation + filtration —
Dacejeon WTP12 120,705,390 Flocculation + sedimentation + filtration —
Jeollabuk-do Iksan-si WTP13 27,590,970 Flocculation + sedimentation + filtration —
Youngsan River Gwangju WTP14 70,629,770 Flocculation + sedimentation + filtration —
WTP15 84,371,731 Flocculation + sedimentation + filtration —
Jeollanam-do Yeosu-si WTP16 27,398,629 Flocculation + sedimentation + filtration —
Suncheon-si  WTP17 14,282,714 Flocculation + sedimentation + filtration —
Nakdong River Gyeongsangbuk-do  Gyeongsan-si WTP18 21,648,066 Flocculation + sedimentation + filtration —
Gyeongsangnam-do  Changwon-si  WTP19 84,986,000 Flocculation + sedimentation + filtration Ozone + BAC
Jinju-si WTP20 16,024,396 Flocculation + sedimentation + filtration —
Gimbhae-si WTP21 34,933,097 Flocculation + sedimentation + filtration Ozone + BAC
Busan WTP22 40,815,040 Flocculation + sedimentation + filtration Ozone + BAC
WTP23 146,633,500 Flocculation + sedimentation + filtration Ozone + BAC
WTP24 1,392,566 Sedimentation + sand filtration -
WTP25 197,392,000 Flocculation + sedimentation + filtration Ozone + BAC

# Advanced oxidation process is not adopted

Cutting & grinding filters

16cm, ~10 ym / 8cm, ~1 uym
Collecting filters

0.45-pm filter. The samples were concentrated for 24 h using
a centrifugal concentrator (CVE-3100, EVELA, Japan) and
then eluted with 1 mL methanol. The desorbed
micropollutants were then analyzed by LC/MS-MS.

Analytical methods

The selected micropollutants were analyzed by UPLC
(Nexera, Shimadzu, Kyoto, Japan) connected to a triple quad-

with an electron ion spray source working in both positive
and negative modes. The selected micropollutants were sepa-
rated with a reverse phase C;g column (Luna 3 pm;

Sonication for90min

’ Filtered by

Fig. 2 Schematic diagram of desorption experiment
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0.2-um

membrane

filter

150 x 20 mm, Phenomenex, Torrance, Canada). The flow rate
was 0.2 mL/min, and the injection volume was 10 uL. The
isocratic mobile phase was 98:2 (v/v, %) of methanol and
water containing 10 mM ammonium formate and 0.3% formic
acid (v/v) in the positive mode, and 98:2 (v/v, %) of methanol
and water containing 5 mM ammonium acetate (v/v) in the
negative mode (Nam et al. 2014a). The micropollutants were
separated by ionization into negative (ACT, BPA, DCF, IBU,
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NPX, and TCB) or positive (CBM, CFF, MTP, SMA, and
SMZ) ion groups. The optimized ion pairs of the 11
micropollutants and MS collision conditions are shown in
Table S4. Also, the quality assurance and quality control
(QA/QC) data is summarized in Table S5.

Results and discussion
Optimization of micropollutant desorption

In order to maximize desorption of micropollutant from the
spent carbon filter, the desorption was optimized using
micropollutant saturated activated carbon (10 mg of 11
micropollutants in 1 mg of PAC). Four parameters such as
mixing tool, mixing time, extraction solvent, and solvent
amount were investigated. First, the effects of the mixing tool
(stirrer, shaker, and ultrasonic mill) were examined and the
results are shown in Table 3. The sonicator showed the best
micropollutant desorption efficiency followed by shaker and
stirrer. The sonicator showed 2 to 10 times better desorption
efficiencies than the shaker in almost all micropollutants
(Table 3). The improvement effect of the sonication can be
due to the cavitation effect between PAC particles generated
by ultrasonic irradiation. Cavitation during sonication can
generate rapid whirlpool action due to high-pressure

oscillation, resulting in the weakening of the binding energy
between the micropollutant and the PAC particles (Zhou et al.
2015).

The solubility of the compounds in the solvent and the
affinity for the activate carbon surface have a significant in-
fluence on the regeneration efficiency (Karanfil and Dastgheib
2004). Therefore, the desorption efficiencies of different ex-
traction solvents (distilled water, 10 mM CaCl, in distilled
water as water-based solvents, methanol and acetonitrile as
organic-based solvents) were then compared (Table 3). The
result showed that the micropollutants were hardly desorbed
in both pH 12 and 10-mM CaCl, distilled waters. In contrast,
desorption of the micropollutants using organic solvents was
significantly improved. In particular, acetonitrile solvent
showed 2—10 times higher desorption performance than when
using methanol (Table 3). This result may be due to the
organic-organic interaction between organic micropollutant
and organic solvent, and higher polarity of acetonitrile in or-
ganic solvents, resulting in a better chemical attraction to-
wards the polar micropollutants (Martinez and Iverson
2012). However, DCF (log K, = 3.91) and TCB (log
Ko = 4.2-4.6) with higher log K, values (see Table S1)
showed lower desorption amounts; even methanol and aceto-
nitrile solvents were used. This result indicates that
micropollutants with higher log K, values cannot easily be
desorbed from activated carbon even with organic solvents.
From the results, acetonitrile was chosen as a desorption

Table 3  Comparison of micropollutant desorption according to each desorption condition for optimization
Desorption (%) CFF ACT SMA SMZ MTP CBM NPX BPA IBU DCF TCB
Mixing tool test: (condition: extraction solvent = methanol)
Stirrer 2.29 0.16 2.59 5.29 0.73 5.52 0.04 0.02 0.67 0.04 0.03
Shaker 5.34 0.20 2.82 7.39 1.07 6.44 0.12 0.05 141 0.10 0.05
Sonicator 6.52 4.01 7.38 16.66 1.73 8.95 2.44 9.94 12.71 0.37 0.05
Solvent test (condition: mixing tool = sonicator)
DI water (pH 12) 0.03 0.01 0.84 5.34 0.00 0.00 0.03 0.53 0.20 0.02 0.02
10 mM CaCl, 0.13 0.00 0.04 0.07 0.13 0.01 0.00 0.01 0.07 0.14 0.10
Methanol 0.75 1.03 491 14.09 4.00 4.64 1.00 10.60 3.30 1.02 0.06
Acetonitrile 11.55 11.30 15.40 23.49 4.94 17.42 5.81 12.66 22.51 1.21 0.07
Contact time test (condition: mixing tool = sonicator, extraction solvent = acetonitrile)
30 min 2.96 5.85 8.55 23.26 1.35 10.89 043 9.30 21.21 0.25 0.01
60 min 525 17.54 17.74 32.77 3.81 21.21 1.00 12.41 3742 1.01 0.01
90 min 8.12 27.24 36.88 45.20 5.76 35.14 2.44 19.71 55.81 3.53 0.05
Solvent amount test (condition: mixing tool = sonicator, extraction solvent = acetonitrile)
200 mL 6.52 4.01 7.38 16.66 1.73 8.95 2.44 9.94 12.71 0.37 0.05
400 mL 11.55 11.3 15.4 23.49 4.94 17.42 5.81 12.66 22.51 1.21 0.07
800 mL 20.68 19.44 22.52 32.1 943 23.67 11.36 17.16 32.12 2.64 0.17

All the value is average value

CFF caffeine, ACT acetaminophen, SMA sulfamethazine, SMZ sulfamethoxazole, MTP metoprolol, CBM carbamazepine, NPX naproxen, BPA

bisphenol-A, /BU ibuprofen, DCF diclofenac, TCB triclocarban
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solvent from spent carbon filter since the acetonitrile solvent 3
generally exhibits better desorption of micropollutants. o0 .
Next, by increasing the acetonitrile extraction volume from SR v I~
200 to 800 mL, the desorbed amount of microorganisms in-
creased significantly (Table 3), indicating that desorption can =
be improved by increasing the ratio of extraction solvent to 3
. . . . = S —~ A o0 n
carbon. The desorption amount also increased by increasing Rlg2edsz
the mixing time from 30 to 90 min. However, there was a
slight difference between 90 and 120 min (date not shown). o
Therefore, the optimal condition for desorption was set to 3
800 mL of acetonitrile and 90 min sonication for the desorp- 2 22583
tion of micropollutant from activated carbon. ST e e e -
Detection of micropollutants from carbon filters using 5
the optimized desorption conditions <l o dmme
o ISR =
Using optimized desorption conditions, desorption of
micropollutants from 100 spent carbon filters used at home g
for 4-6 months was performed. Table 4 shows the detection o
frequency and desorption amount of 11 micropollutants from E S § i § §
the spent carbon filter with the optimized desorption condi-
tions. The result showed that NPX, DCF, and CFF were de- <
tected in more than 80% of the 100 spent carbon filters, but s 3
SMA, SMZ, and TCB were detected at rates of less than 10% = E 2 0wy aQ
(Table 4). Among the micropollutants, NPX was the most g C|l&8ssse
frequently detected and showed the highest level of desorption 5 -
from the carbon filters (Table 4, Fig. S1). Similar result was ’i p
reported in Korea previously. Kim et al. (2007) showed that é = | o A,
NPX and CFF are the most frequently observed Sls|lg2z<cS¢:
micropollutants in the surface water and WWTP effluents in ‘g
Korea. They also reported that SMZ and CBM could be de- 3 § ==
tected at significant concentrations in the surface water in gl S
Korea. g -
Recent studies in other countries reported that NPX were £ S
detected frequently tap water samples but at low concentration é < B oo
(~52 ng/L) in Spain (Carmona et al. 2014). They also reported b z2lgzzz¢g
that the concentration of DCF and IBU ranged from 1 to §
39 ng/L. Another study showed that CFF can be detected at g a
concentrations of 2.5-225 ng/L in untreated and treated drink- 5 <
ing water treatment systems in the USA (Wang et al. 2011). § ;) ; § § § E
They also showed that SMZ can be removed efficiently by a g
chlorination treatment in conventional WTPs, but CBM and § o
CFF are resistant to chlorination process (Wang etal. 2011). In E 3
fact, in this study, SMZ was actually not detected, and CBM 8| = S -5z @
was detected only at low levels in spent carbon filters by g O] ®ss s s
desorption (Table 4). Benotti et al. (2009) also reported that § _
CBM and SMZ were present in tap water in the USA in E g _§ _ B
quantities of 6.8 and 0.32 ng/L, respectively. This result im- 5 > 5 § g %
plies that NPX, DCF, CBM, and CFF can survive in tap water E § > E = &
after chlorination of WTP even at low levels. = E g/ = ? £
Next, to compare the detection pattern and the levels of - § a % £ é
micropollutants in between spent carbon filters and tap waters % % g —g g g
which are used as raw waters in the water purifiers, we = AsS ===
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Table 5 The concentration of micropollutants in tap water in the houses where the carbon filters were collected (n = 25)

ng/L CFF ACT SMA SMZ MTP CBM NPX BPA IBU DCF TCB
Freq." (%) 64.00 68.00 b - - 8.00 100.00 100.00 16.00 100.00 4.00
Mean+SD (ng/L) 1.42+1.59 1.73+038 - - - 099+0.67 328+232 1393+11.76 1.12+0.66 4.76+1.81 0.67
Median (ng/L) 0.78 1.73 - - - 0.99 2.89 10.31 0.96 4.99 0.67
Min. (ng/L) 0.49 1.09 - - - 0.51 0.81 3.49 0.52 0.96 0.67
Max. (ng/L) 5.92 239 - - - 1.46 12.65 58.04 2.03 7.87 0.67

CFF caffeine, ACT acetaminophen, SMA sulfamethazine, SMZ sulfamethoxazole, MTP metoprolol, CBM carbamazepine, NPX naproxen, BPA

bisphenol-A, /BU ibuprofen, DCF diclofenac, TCB triclocarban
# Detection frequency (%)
°Not detected

obtained 25 tap water samples from the houses where the
carbon filters were collected (Fig. 1), and measured the levels
of micropollutants in tap waters. Table 5 showed that while
most micropollutants were detected in higher frequencies ex-
cept that SMA, SMZ, and MTP were not detected in tap water.
In contrast, MTP were detected in the spent carbon filters with
67% detection frequency (compared to SMA with only 2%
detection frequency), respectively (Table 4). This result indi-
cates that trace amounts of MTP may be present in amounts
below the detection limit of tap water. Our results indicate that
the measurement of micropollutants desorbed from the carbon
filter used can be a tool to identify the micropollutants present
below the detection limit in tap water.

Comparison of micropollutant desorption quantities
among major river basins in Korea

Because the carbon filters used were collected in different
regions along the four major river basins in Korea, we can
compare the regional patterns of the detection of the
micropollutant in the carbon filters. Figure 3 showed that the
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Fig.3 Comparison of desorption amount of micropollutants from carbon
field filters collected in four river basin areas

carbon filters obtained in the Han and Nakdong River basins
generally showed higher levels of micropollutants in the car-
bon filter. This result may be due to the close proximity of the
highly populated cities, such as Seoul, Busan, and Daegu met-
ropolitan cities, to these river basins. In these cities, the usage
of micropollutants among the people would be much higher
than for other less populated areas. Especially, NPX, BPA,
IBU, and DCF showed higher levels (Fig. 3). Table 1 showed
that NPX and DCF are previously reported with higher levels
in surface waters, and BPA are detected in higher levels in tap
water in Korea.

Next, the desorption of the micropollutant from the carbon
filter was compared to the regions according to the presence of
the AOP in nearby WTPs where the carbon filter used was
collected. The most widely adopted AOP process in WTPs in
Korea is the ozone process and biologically active carbon
(Table 2). According to the results of comparison, the level
of micropollutants in the carbon filter used was generally low-
er in the regions where AOPs were employed in nearby WTPs
(Fig. 4). In particular, CFF, NPX, BPA, and DCF were statis-
tically significantly lower at sites where AOP was used in
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Fig. 4 The comparison of desorbed levels of micropollutant levels from
the collected carbon field filters according to existence of advanced
oxidation processes (AOPs) in water treatment plants (*p < 0.05)

ACT MTP CBM BPA
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WTP (p < 0.05) (Fig. 4). The results indicate that the AOP
process is effective at removing micropollutants in WTP. This
result is consistent with previous studies that biological acti-
vated carbon filtration after ozonation is effective in removing
micropollutants, natural organic materials, taste and odor
compounds, and disinfection by-product pre-cursors
(Simpson 2008; Reungoat et al. 2010; Reungoat et al. 2012).

Conclusions

In order to investigate the micropollutants adsorbed in the
carbon filter used in the water purifier, this study first opti-
mized the method of desorbing particulates from the spent
carbon filter. Then, we examined which micropollutants exist
in spent carbon filters used in water purifier by using opti-
mized desorption conditions. As a result, CFF, NPX, and
DCF showed high detection frequency (>80%) in the spent
carbon filter, but SMA, SMZ, and MTP were detected only in
the carbon filter, not in tap water, indicating that these
micropollutants were present at below the detection limit in
tap water, and thus accumulated in the carbon filters. Higher
concentrations of micropollutants, especially NPX, BPA,
IBU, and DCF, were observed in the spent carbon filters col-
lected in the Han River and Nakdong River basins of the
metropolitan area. The results also show that the advanced
oxidation process of WTPs is effective in removing
micropollutants. In future studies, micropollutant desorption
strategies can be used to detect as-yet unknown
micropollutants from spent carbon filters and further compare
the local characteristics of tap water.
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